Networks of neurons are inherently three-dimensional in nature, whereas conventional imaging methods, such as laser scanning two-photon microscopy, usually provide only fast two-dimensional imaging. Rapid volumetric imaging would however be preferable for imaging neurons. To get a more complete picture of the dynamics of the neuron-to-neuron interactions, we have developed a pseudo-parallelised multi-plane two-photon excitation imaging system through the incorporation of an acousto-optic switching and a remote focusing technique into a resonant scanning microscope. This permits the recording of millisecond scale fluorescence transients of calcium indicators from large populations of neurons upon neural firing events at multiple chosen axial planes in very short time frame. While the remote focusing system offers aberration-free axial scanning over a few hundreds of micrometres of depth, the acousto-optic deflector provides high speed optical switching between different laser beam paths in sub-microsecond timescale which in turn, controls the axial focal plane to be targeted. Here, we report on the development of the high temporal resolution multi-plane targeted microscope and its potential application.
INTRODUCTION
Two-photon (2P) excitation fluorescence imaging is a useful tool to study biological samples at the cellular level with applications not only restricted to two-dimensional (2D) but also three-dimensional (3D) specimens. Using 2P excitation, the generated fluorescence signal becomes quadratic dependent on the excitation intensity. Because of this nonlinear nature of fluorophore excitation, the use of short-pulsed lasers and a tightly focused high intensity laser spot with a high numerical aperture (NA) objective lenses provides optical sectioning without the need of sub-micron pinhole in the detection path as typically present in a confocal microscope. In the early 1990s, Denk, W. et al were among the first to demonstrate the application of 2P laser scanning imaging technique on biological specimens and showcase its advantages over the conventional confocal laser scanning method 1 . For instance, the pinhole throughput loss was avoided and a reduced outof-focus photobleaching effect on samples was observed due to the highly localised excitation. Thus, there is a growing interest within the neuroscience research community to use the noninvasive 2P imaging technique to study the complex brain structure and the neuron activities in small vertebrates and non-vertebrates. Due to the excitation wavelength required for 2P imaging, the wavelength generally falls within the near infrared (NIR) spectral window. Thus, the penetration depth can be extended further into the tissue sample compared to that of one photon (1P) excitation counterpart owing to the lower scattering coefficient experienced by the laser beam path traveling through the turbid medium 2, 3 . With this longer excitation wavelength, the benefit of the greater focusing depth for the 2P microscope becomes apparent when imaging neuron population lying within layers deep inside the brain. Kobat, D. et al demonstrated that deep tissue in vivo imaging on mouse brain is possible with the use of femtosecond pulsed laser with the wavelength set at 1280 nm 4 . A 1.6 mm penetration depth was achieved enabling the capturing of the images of cortical vasculature in an intact mouse brain. However, the speed of the raster scanning technique that builds the 2D image can become critical when performing 3D volume sweep across a millimeter thick biological specimen. It dictates the frame rate of the 2P microscopy system. To generate an image of 512512 pixels, the frame rate achievable for 2D galvanometer scanner is generally limited to 4 frames per second (fps). Therefore, a range of ingenious imaging solutions have been devised to push the frame rate limit W0 0 'oo 1/.
higher, e.g. polygonal scan mirror 5 , light sheet illumination 6 , parallerised multifocal scanning 7 and spatio-temporal focusing of excitation 8 to name a few. Alternatively, a more straightforward approach to improve the 2P imaging speed is to replace the x-scanning galvanometer mirror with a resonant mirror which vibrates at a high frequency (typically at 8 kHz). This enables an imaging speed reaching a video rate around 30 fps. For instance, though at a slightly lower image size of 500450 pixels, Nguyen, Q. et al have demonstrated the development of the early version of custom built 2P resonant scanning system that could perform video-rate calcium imaging that was fast enough to detect the Ca 2+ transients in the dendrites and spines of cortical neurons 9 . Following technological advancement, now resonant scanning microscopy systems are widely available commercially. However, to record neural activity over large volume, some challenges are still posed. Unlike the volumetric structural imaging, simple translation of the objective along the z-direction is not sufficiently fast to match the millisecond temporal response of neurons in 3D volume. Therefore, with the purpose of enhancing the volume imaging speed, we modified an existing commercial 2P resonant microscope by incorporating an acousto-optic deflector (AOD) and a remote focusing system 10 . The former addition provides the fast optical switching capability, while the latter offers aberration-free axial displacement of focal spot with both the objective and the specimen kept immobile. Hence, by combining the resonant scanner, the AOD and the remote focusing, we developed a fast multiplane imaging system that can be useful to study the neuron-to-neuron interactions between widely separated layers in a brain.
MATERIALS AND METHODS
The multiplane functional imaging capability was built around an existing Sutter MOM 2P resonant system and the schematic of the optical setup is illustrated in Fig. 1 . An AOD can offer microsecond beam steering performance. Depending on the applied frequency of the acoustic wave, the angle of beam deflection can be controlled based on
where λ is the incident laser wavelength, f is the frequency of the acoustic wave and V is the velocity of the acoustic wave which is typically constant for certain dispersive material used. For example, the velocity of the acoustic wave travelling across tellurium dioxide (TeO2) crystal is ~650 ms -1 . Here, the AOD (DTSX-400-980, AA Optoelectronic) was used as the fast microsecond optical switch that deflected the incoming laser beam into two separate paths and were later recombined by a PBS as shown in Fig. 1 . Because AOD is a highly dispersive element, an ultrafast laser will experience some spatial and temporal broadening when propagating through the device. These distortions can reduce the acquired image quality greatly in terms of the signal-to-noise ratio (SNR) as well as the resolution. Therefore, an uncoated SF11 equilateral prism (PS859, Thorlabs) was paired with the AOD to compensate for the spatial and temporal dispersion induced in the AOD. To achieve an optimal spatial and temporal dispersion compensation for a Ti:Sapphire laser (Mai Tai, Spectra-Physics) with the wavelength tuned to 900 nm, the prism was positioned such that the laser incident angle to the prism is ~56 o and the prism-AOD separation is ~25 cm. The spatio-temporal restoration was performed based on the centre scan frequency of the AOD at 900 nm wavelength i.e. 87 MHz. The detailed work and analyses on the prism-AOD dispersion compensation were previously reported by Zeng, S et al 12, 13 . The resultant laser beam profile after the spatial dispersion compensation was imaged onto an exposed CCD of a webcam (LifeCam, Microsoft) and the final recovered laser pulsewidth after the temporal dispersion compensation was measured using an interferometric autocorrelator (pulseCheck, APE). Apart from the AOD as the fast optical switch, the remote focusing technique affords the distinct flexibility to displace the focal spot aberration-free over tens to hundreds of micrometers deep into biological tissues with no sample or objective movement required 10, 14 . A remote focusing system requires high numerical aperture lenses to provide the correct, aberration-free focusing 10 . Considering the cost of implementation, instead of objective lenses, a pair of identical 0.68 NA aspheric lenses (C330TMD-B, Thorlabs) as depicted in Fig. 1 was utilised to perform the remote focusing. The aspheric lens with the NA of 0.68 was chosen in order to match the acceptance angle of the final excitation objective. While one of the aspheric lenses was fixed on a cage plate, the other was mounted on a multi-axis translation stage (MBT616D/M, Thorlabs). The back pupil plane of the aspheric lens was reimaged onto the back pupil plane of the 0.8 NA 16 water dipping objective (Nikon) by a series of 4f systems. A pollen grains slide (Griffin Education) was chosen as the preliminary test sample for the volumetric multiplane imaging.
RESULTS AND DISCUSSION
The laser beam spot after the prism-AOD configuration was imaged onto the webcam CCD and the images acquired are shown as below: 2 shows a marked reduction in the beam broadening, by a factor of ~2, along the x-axis when the spatial dispersion induced by the AOD was correctly counter-balanced by the material dispersion of the prism and the angle of laser incidence on the prism. To compensate for the temporal dispersion, the distance between the prism and the AOD was adjusted to ~25 cm such that the minimum pulsewidth of the Ti:Sapphire laser was achieved. The change of the pulsewidth with increasing prism-AOD distance was measured with the autocorrelator, as plotted in Fig. 3 . -C-Pulsewidth The change of the measured laser pulsewidth as a function of the prism-AOD distance.
As indicated in Fig. 3(a) and Fig. 3(b) , the incorporation of SF11 prism with an apex angle of 60 o preceding the AOD was able to compensate for the temporal dispersion in the AOD which in turn, resulted in the significant recovery of the laser pulsewidth from ~250 fs to ~130 fs when the prism-AOD distance is ~25 cm. From Fig. 3 (c) , a reasonable temporal dispersion compensation can be realised with the prism-AOD separation falls within 24.5-26.5 cm range.
To demonstrate the functionality of the multiplane 2P microscope with compensation of the spatio-temporal dispersion of AOD and remote focusing, we acquired some autofluorescence images of pollen grains at different focal depths by manually adjusting the aspheric lens's position along the optical axis. The relative focal shift introduced by the axial translation of the aspheric lens can be estimated based on
where z is the resulting axial shift of the excitation focal plane, n2, n1 are the refractive indices of the immersion media at the remote focusing and the objective respectively and ZR is the reference distance moved by the aspheric lens. The 512512 images of the pollen grains at two separate focal planes, one at the origin where no remote focusing was used and the other with the remote focusing present, were taken at a frame rate of 15 frames per second using unidirectional scanning. No impairment from the AOD switching was observed on the alternating plane-to-plane scanning rate. 
CONCLUSION
We demonstrated the development and the performance of the fast multiplane 2P imaging system by combining an AOD and remote focusing, where the former provides the high optical switching rate and the latter offers the axial displacement of the focal spot without coming in contact with the objective or the specimen. Therefore, we anticipate the devised multiplane imaging technique will be useful in recording near-simultaneously the neuronal activities across separated planes within the volume of a mouse brain.
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